An equiatomic CoCrFeMnNi high-entropy alloy under hydrostatic compression is investigated using insitu angular-dispersive X-ray diffraction to explore the polymorphism in high entropy alloy systems. The metallic system is of face-centered-cubic structure at ambient condition and applied hydrostatic pressures up to 20 GPa via diamond anvil cell. The angle-resolved diffraction-intensity evolutions of multiple diffraction peaks were collected simultaneously to elucidate the phase stability examinations. The phase transformation from face-centered-cubic to hexagonal-close-packed structure was evidently observed in CoCrFeMnNi alloy accompanied by a deviatoric strain subjected to the hydrostatic compression. We found lattice-asymmetric crossover before and after the phase transformation subjected to hydrostatic compression surroundings. Deviatoric strain triggers fcc-hcp phase transformation as local heterogeneity-driven lattice distortion is significant for CoCrFeMnNi alloy.
Introduction
Underlying mechanisms governing phase transformation in the high entropy alloys have received extensive attention. Transformation-induced plastic deformation [1] and polymorphism [2] had been reported. However, the basic thermodynamics principles and atomistic mechanisms that give rise to the phase transformation in high entropy alloys are still controversial to date [3, 4] . Specifically, multiple driving forces have been estimated and compared to evaluate whether the high entropy alloys are at thermionically stable or metastable [5, 6] . Nevertheless, the kinetics of phase transformation in high entropy alloys remains largely unexplored. Typically, the phase transformation driven by a temperature change, either from one single-phase to another one or from one to other multiple phases, is mainly subjected to the reaction direction toward equilibrium. Gibbs free energy summarizes the phase transformation from the effects of interface, surface, volume, and strain energies for solidification and diffusional transformation in solids, such as precipitation [7] . Another type of phase transformation is the diffusionless displacive transformation. The most famous example of this type of phase transformation is the martensitic transformation in steels, where it has been well established that the content of carbon in steel can change the habit plane for the phase transformation [8] . In such a case, the deformation kinetics typically involves shearing, such as Bain strain [9] .
Most of the displacive phase transformations are characterized by crystallographic rearrangement, such as from the face-centeredcubic (fcc) structured austenite into body-centered tetragonal (bct) structured martensite, with a tremendous amount of accompanying shear deformation parallel to the habit plane together with complementary dilation [10] .
Niu et al. [11] reported that, in the CoCrFeMnNi high-entropy alloy, there is a fcc to hexagonal-close-packed (hcp) phase transformation occurring in the necking regions of tensile specimens where the largest plastic deformation is expected. Their atomistic models and transmission electron microscopy (TEM) analyses revealed that shear deformation triggered the ABCABC type stacking in fcc structure to the ABABAB stacking hcp structure on the closed-packed planes. This type of phase transformation is achieved by forming Shockley partial dislocations generated by shearing [11] and, thus, is diffusionless similar to that of the martensitic transformation in the steels.
On the other hand, similar fcc to hcp phase transformations had been reported in high entropy alloys albeit that, in those cases, the transformation was induced by the hydrostatic compression instead of severe tensile strain as described above [2, 12, 13] . The deformation on lattice resulting from quasi-hydrostatic compression is very different from that arising from non-hydrostatic deformation. Bell and Mao have shown that when the nearly hydrostatic conditions are achieved using helium as a pressure transmitting medium, the lattice parameters can be measured by energy dispersive synchrotron radiation [14] . Speziale et al. [15] pointed out that the non-hydrostatic deformation could induce anisotropic deformation for different crystallographic orientations. In principle, the hydrostatic compression confines volume changes of the system with isotropic deformation.
However, as mentioned above, shearing and crystallographic anisotropic deformation are playing important roles in both the reported fcc to hcp phase transformation in CoCrFeMnNi high entropy alloys [11] and martensitic phase transformation in steels [8e10,16] . For the equiatomic medium- [17] and high-entropy [18, 19] alloys, Niu et al. proposed that the chemistry and magnetic properties of the constituent alloy elements might lead to phase transformation triggered by dislocation slip and its interaction with internal boundaries [11] .
For steels, chemistry also plays an important role, such as tuning the stacking-fault energy for the phase transformation [20] . In this respect, manganese is known for its role for twinning-induced plasticity for deformation [21, 22] , anisotropy of elasticity [23] , creep [24] , magnetic properties [25] , and magnetocaloric effect [21, 26] in various material systems. Hence, the focus of this report is to control the manganese content of the high entropy alloys to study its effects on hydrostatic compression-induced phase transformation by using the in-situ angle-dispersive synchrotron x-ray diffraction measurements.
Experiment
In this study, two different high entropy alloys were prepared. One is the Cantor alloys, which had been reported to exhibit the fcc to hcp phase transformation when subjected to tension [11] and hydrostatic compression [2, 12, 13] , respectively. The other is the Al 0.3 CoCrCu 0.3 FeNi high-entropy alloy, which will serve as a reference because aluminum is known for its high stacking fault energy (~166e200 mJ/m 2 ) [27, 28] .
Our methodology is briefly described in the following. We assume that both the fcc and hcp phase lattice can be formed by stacking closed-packed layers. If a dislocation with a Burgers vector a 6 ½1 1 2 glide between two (1 1 1) layers of a fcc lattice, all layers will be shifted. Therefore, all atoms above the glide plane occupying different sites as the Shockley partial dislocation and causing a stacking fault. This fault can convert the lattice stacking into a hexagonal close-packed sequence, resulting in a glissile interface separating the adjacent fcc and hcp phases. Based on this assumption, the main purpose of the present study is to experimentally verify the pressure-induced phase transition by characterizing crystallographic features as a function of applied pressure using the in-situ angle dispersive x-ray diffraction (ADXRD). The details of in-situ high-pressure experimental methods are archived in our earlier work [13] . It is expected that such experiments would provide solid evidences indicating features, such as the paths leading fcc to hcp, as well as the texture development and anisotropic lattice deformation. Moreover, our hypothesis may be further validated by experimentally identifying that the fcc-hcp transformation is indeed occurring upon the planar coherent facets of (0 0 0 1). ) and azimuthal angle, respectively. Fig. 1(a) is for the stress at 1.35 GPa. Similarly, Fig. 1(b) is for 3.78 GPa; (c) for 5.36 GPa; (d) for 6.78 GPa; (e) for 7.10 GPa; (f) for 7.26 GPa; (g) for 8.53 GPa; (h) for 9.17 GPa; (i) for 9.80 GPa; (j) for 11.89 GPa; (k) for 14.14 GPa; (l) for 17.06 GPa; (m) for 20.00 GPa, and (n) for decompression to 10.44 GPa, respectively. The (1 1 1) and (2 0 0) diffraction peaks of fcc and the (1 0 0 0), (0 0 0 2), and (1 0 1 1) peaks of hcp are marked, respectively. For the convenience of comparison, the maximum and minimum of the intensity are set to be identical for Fig. 1 (a)~(n) and 1(p). Fig. 1(o) shows the integrated diffraction patterns of the CoCrFeMnNi high entropy alloy after relaxation from high-pressure measurements to ambient.
Results and discussion
The X-ray diffraction features have been applied to characterize the hcp crystals for texture development [29, 30] . The (1 0 0 0), (0 0 0 2), and (1 0 1 1) diffractions are marked in Fig. 1(o) to illustrate that the majority of the system is indeed a hcp phase. We follow Kanitpanyacharoen et al.'s methods [29, 30] to resolve the orientation-dependent diffraction intensity in azimuthal angles to examine hcp phase as shown in Fig. 1(p) . The sinusoidal variations in peak positions are a result of deviatoric stress. The variation in intensity along the diffraction rings indicates a crystallographic preferred orientation attained subjected to plastic deformation.
Specifically, the intensity maxima of the (0 0 0 2) diffraction peaks are highlighted and marked in Fig. 1(p) 
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with the azimuthal angle of 200 and 163 , respectively. Similarly, the intensity maxima of (1 0 1 1) diffraction peaks are highlighted and marked in Fig. 1(p) 
with the azimuthal angle locating at 267 and at 93 , respectively. Fig. 1 (q)~(s) are simplified illustrations showing phase-ratio evolution. Niu et al. [11] 's simulation and our earlier experimental evidence [13] show more details of possible deformation paths involving stacking faults.
Deformation mechanisms for hcp metals are well established and concluded as either being dominated by the basal and prismatic slips or by twinning induced by tensile and compressive strains [31e33]. In particular, mechanical twinning and shearing have been found to play important roles in texture development for hcp-structured metals. Mechanical twinning is unidirectional and characterized as tensile or compressive strain parallel to the c-axis. Here, we follow the conventional descriptions of the twinning modes as tensile twinning and compressive twinning, but not the mode of deformation in our experiment.
For the hcp crystal structure with a specific c/a ratio, the angle between (0 0 0 1):
, where a and c are the lattice parameters used in the usual hcp lattice, respectively. The angle for orientations of (0 0 0 2) at azimuthal angles 200 and of (1 0 1 1) at azimuthal angles 267 is 67 . The angle for orientations of (0 0 0 2) at azimuthal angles 163 and of (1 0 1 1) at azimuthal angles 93 is 70 . Comparing to zinc with the hcp crystal structure, the (0 0 0 1): (1 0 1 1) ¼ tan À1 2c . ffiffiffi 3 p a ¼ 67 would lead to a c/a ratio equals to 1.86.
The integrated diffraction peaks of the hcp phase were used to estimate the lattice parameters a and c as a function of the applied stress, as well. The results are displayed in Fig. 2(a) with a and c being denoted as circles (B) and triangles (△), respectively. The change of lattice constant a on the basal plane of the hcp phase shows essentially a monotonic decrease upon compression. In contrast, the lattice constant c apparently exhibits much more fluctuations as a function of the applied compressive stress. The c/a ratio as a function of the applied pressure is shown in Fig. 2(b) . The fluctuations of lattice constant c are magnified in Fig. 2(b) as compared to that displayed in Fig. 2(a) . Note that the c/a ratio of CoCrFeMnNi is always smaller than 1.732 (y ffiffiffi 3 p ), indicating that the deformation mode is dominated by the tensile twinning similar to that for Zn [29, 30] .
The characteristic twinning shear for a particular twin system depends on the c/a axial ratio. It relates the amount of shear contributed by the twin system to the volume fraction of the grain that reorients by twinning. Kanitpanyacharoen et al.'s visco-plastic self-consistent (VPSC) polycrystal plasticity model suggests that the gradual texture evolution observed in zinc is controlled primarily by (0 0 0 1) <2 1 1 0> basal slip and subsequently accompanied by (1 0 1 2) <1 0 11> tensile twinning when the c/a ratio is below 1.732 (y ffiffiffi 3 p ) [29, 30] . Considering the effect of partial dislocation a 6 ½1 1 2 gliding between layers of fcc and hcp, the sequence of Shockley partial dislocations may be activated along the (1 1 1) of fcc phase and creates glissile interface separating the fcc from hcp phases. The fluctuations of the c-axis parameter may, thus, reflect the activities of the diffusionless phase-transformation kinetics.
Besides the deformation of the hcp phase, there is concurrent deformation of the fcc phase in the system. It is noted that, in the diffraction results, there are many diffraction peaks arising from the fcc phase superimposing that of the hcp phase. To distinguish the deformation behavior in the fcc phase from that prevailing in the hcp phase, the (2 0 0) peak of the fcc phase is selected, because it does not superimpose with other hcp peaks. The (2 0 0) latticestrain evolution is shown in Fig. 3 . The azimuthal-angle resolved results are presented as a function of applied compressive stress.
Different colors show different levels of the compressive strains of the fcc (2 0 0). The dark blue color ( ) shows lower compressive lattice strain at smaller applied stress prior to the phase transformation. Comparing to the other lattice strain distribution subjected to higher applied stresses, the dark blue color region is relatively uniform, indicating the feature of isotropic deformation. However, there is an obvious nonuniform lattice strain distribution shown in the distorted contour in Fig. 3. In Fig. 3 , when the stress is greater than 4 GPa, there is anisotropic lattice deformation. Anisotropic deformation along different orientations can introduce local shear. Consequently, the anisotropic lattice shear shown in Fig. 3 could be the origin of the deviatoric strains for the fcc-hcp phase transformation as well as the driving force for the collective displacive phase transformation at atomic levels.
The complementary diffraction intensity, lattice-strain, and peak-width evolutions for both of the fcc and hcp phases are shown in Fig. 4 . Fig. 4(a) is the evolution of integrated intensity for Q covering both fcc (1 1 1) and hcp (0 0 0 2) peaks; (b) is for fcc (2 0 0) peak, and (c) is for hcp (1 0 1 1) peak. Fig. 4(d) and (e) for fcc latticestrain evolutions of (2 0 0) and (1 1 1), respectively. Fig. 4 (f) and (g) for hcp lattice-strain evolutions of (1 0 1 1) and (0 0 0 2). The hcp (0 0 0 2) lattice-strain evolution shows most anisotropy in azimuthal angles where most compression shown at azimuthal angles centered around 90 and 270 , respectively. The possible mechanisms have been discussed above as twinning activities similar to Zn [29, 30] . Fig. 4 (h) and (i) for fcc peak-width evolutions in the full-widthat-half-maximum (FWHM) of diffraction peaks of (2 0 0) and (1 1 1), respectively. Fig. 4 (f) and (g) for hcp peak-width evolutions of (1 0 1 1) and (0 0 0 2). The changes of peak widths indicate the dislocation evolution upon the shear deformation and the phase transformation. Referring to Kanitpanyacharoen et al.'s polycrystal plasticity model, the features shown in Fig. 4 reveal the dominant deformation mode in the CoCrFeMnNi high entropy alloy could be the twinning-assisted phase transformation, which is more close to Path 3 of Niu et al.'s simulation [11] .
Wang et al.'s in-situ high-pressure synchrotron radiation X-ray diffraction measurements also show abundant polymorphic transitions in the Al 0.6 CoCrFeNi high-entropy alloy. The original bodycentered cubic (bcc) phase transfers to an orthorhombic phase at 10.6 GPa during compression at room temperature, and the orthorhombic phase remains stable up to~40 GPa [34] . Our reference system of Al 0.3 CoCrCu 0.3 FeNi high entropy alloys are shown in the supplementary results as S.1. Unlike Wang et al.'s Al 0.6 CoCrFeNi high-entropy alloy in bcc structure [34] , our reference system also contains Al, but has Cu, is in fcc structure. It is evident that all the features suggesting anisotropic lattice deformation or even texture development are absent in our fcc Al 0.3 CoCrCu 0.3 FeNi high entropy alloys. The present results thus clearly illustrate the prominent role played by the manganese in facilitating the deviatoric deformation and accompanying fcc-tohcp phase transition in the CoCrFeMnNi high entropy alloys.
There is also a possibility of grain-size effect that might cause the inhomogeneous and deviatoric results. Specifically, Zhang et al.'s summarize the effects of non-hydrostaticity and grain size on the pressure-induced phase transition of the CoCrFeMnNi highentropy alloy [35] . Another possibility is the magnetically-driven transformation as Huang et al.'s prediction [5] and Niu et al.'s simulation [11] . Our findings emphasize the fact that the polymorphism of high entropy alloys is sensitive to multi-scale microstructures. The critical parameters involve magnetics, elements, crystal structure, stacking faults, and twinning. An important finding is that hydrostatic surrounding on high entropy alloys can trigger local shear. These results provide experimental evidences for manufacturing and tuning the metastable structures of the high entropy alloys.
Conclusion
In conclusion, in this work we present an orientation-resolved diffraction distribution to quantify the pressure-dependent lattice parameters of a and c, for the structural evolution of the CoCrFeMnNi high entropy alloy under quasi hydrostatic compression. Our results showed that, for the hexagonal-close-packed phase, the c/a ratio changes more or less monotonically with the increasing applied hydrostatic compression with the c/a ratio being always smaller than 1.732 (y ffiffiffi 3 p ). Moreover, the proposed deformation model is further verified by the anisotropic lattice straining and induced local shearing observed in the diffraction results. The major contribution of the present work is that it provides an alternative perspective to look into the deformation modes of various high entropy alloy systems by high-pressure experiments. 
